The structures of guanidylfungins A and B were elucidated from the physico-chemical properties of these compounds and the structures of the degradation products by ozonolysis and periodate oxidation. The guanidylfungins consist of a 36-membered polyhydroxyl lactone ring, a guanidine and a monoester of malonic acid. The labelling experiments with sodium [1-13C]acetate and sodium [1-13C]propionate revealed that twelve units of acetate and nine of propionate were incorporated into the molecule of guanidylfungin A.
In the preceding paper1) we reported the production, isolation, and characterization of guanidylfungins A and B, together with the taxonomy of the producing organism, Streptomyces hygroscopicus No. 662.
This report presents the structural elucidation and biosynthesis of the guanidylfungins. The structures of guanidylfungins A (1) and B (2) containing a 36-membered polyhydroxyl lactone ring, a guanidine, an intramolecular hemiketal ring and a monoester of malonic acid (Fig. 1) were elucidated from the physico-chemical properties of 1, 2 and methylguanidylfungin A (3), a methylated derivative of 1, and from the structures of the degradation products by ozonolysis and periodate oxidation of 1 and 3.
In order to confirm the structures of 1, 2 and 3, incorporation patterns of [1-13C] acetate and [1-13C] "C]-propionate into guanidylfungin A were studied using 13C NMIR spectroscopy. The result revealed that twelve units of acetate and nine of propionate were incorporated into the molecule of guanidylfungin A, which was consistent with the pattern estimated from the structure in Fig. 1 . The molecular formula of guanidylfungin A was found to be C58H103N3O13 from the results of the 1 H, 13C NMR, secondary ion mass spectrum (SIMS) and elemental analysis1). The 13C NMR spectrum (Table 1) revealed the presence of three carbonyl carbons, one guanidyl carbon, six olefinic carbons, one hemiketal carbon, more than ten carbons bearing hydroxyl or acyloxy groups, ten methyl carbons and others.
Guanidylfungin A was treated with methanolic hydrochloride to give its methylated derivative (3), named methylguanidylfungin A. The molecular formula of 3 was found to be C59H105N3O13 from the The UV spectra of guanidylfungin A and 3 showed the absence of a conjugated structure in their molecules.
Partial Structures of Guanidylfungin A and Methylguanidylfungin A (3)
The following partial structures A to E (Fig. 2) were elucidated from the spectroscopic data of guanidylfungin A (Tables 1 and 2 ).
Structure A: The structure of C-2 to C-7 was revealed by proton decoupling experiments. The (E)-orientation of C(4)=C (5) bond was elucidated from the large coupling constant (15 Hz) between shown in the structure A. These results su dgested the presence of structure D, which was supported by comparison with the spectral data of the same moiety present in the structures of azalomycin F4a2) and copiamycin3).
Structure E: The NMR data revealed the presence of structure E.
The spectroscopic data of 3 (Tables 1 and 2) showed that it also had structures A. C, D, E along with methylated B (R=CH3).
Results of Degradation Experiments
Guanidylfungin A and methylguanidylfungin A were found to have three olefinic bonds shown in the partial structures A and E as well as 1,2-diol and 1,2-ketol moieties shown in the partial structure B.
Then the oxidative procedures, i. e., ozonolysis and periodate oxidation, were employed to obtain degradation products which might facilitate the structural study of guanidylfungin A.
Ozonolysis of Guanidylfungin A Guanidylfungin
A was decomposed by ozonolysis in methanol -water (9: 1) at -78=C followed by reduction with sodium borohydride (NaBH4) to give degradation products 4, 5, 6 and 7.
Alkaline hydrolysis of 4 afforded methylamine (trapped as its hydrochloride). Periodate Oxidation of 6 and 7
Compound 6 was oxidized with sodium periodate (NaIO4) and then reduced with NaBH4 to give 10 and 11. Compound 7 was similarly treated with NaIO4 and NaBH4 to give 10 and 11.
Ozonolysis after Periodate Oxidation of Guanidylfungin A
The NaIO4 oxidation of guanidylfungin A for two hours was followed by ozonolysis and NaBH4 reduction to give 4, 5, 12, 13, 14, 15 and 16.
Compound 12 was treated with Ac2O -pyridine in the presence of DMAP and then methylated with diazomethane to give 12'. Compounds 13, 14 and 15 were acetylated with Ac 2O -pyridine in the presence of DMAP to give their respective acetates. 15-Acetate was separated into 15-acetate(a) and 15-acetate(,) by silica gel HPLC. Compound 16 was methylated with diazomethane and acetylated with Ac,O -pyridine to give 16', which was separated into 16'(a) and 16'(,4) by silica gel HPLC.
Ozonolysis of Methylguanidylfungin A (3)
Ozonolysis of 3 was carried out in methanol at -78"C and the resultant ozonide was reduced with NaBH, to give 4, 5, 17 and 18. Scheme 1. Degradation by O3-NaBH4-NaIO4-NaBH4 of guanidylfungin A.
Compound 17 gave 9 on alkaline hydrolysis followed by methylation with diazomethane. Compound 18 was acetylated with Ac20 -pyridine in the presence of DMAP to give 18', which was separated into 18'(a) and 18'(,3) by silica gel HPLC. Periodate Oxidation of 17 and 18
The NaIO4 oxidation of 17 was followed by reduction with NaBH4 to give 10, 11, 12, 13 and 14.
Compound 18 was similarly treated with NaIO4 and NaBH4 to give 10, 11 and 12.
Structures of Degradation Products
The molecular formula of 4, a basic product, was determined to be C5H,9N30 from the SIMS (M+H, m/z 174) and 13C NMR. The structure of 4 ( Fig. 3 ) was deduced from the 13C and 1H
NMR of 4 and 4-acetate considering the partial structure C ( Fig. 2) and was confirmed by the result that 4 gave methylamine on alkaline hydrolysis.
Compound 5 showed an [M+ H] ion peak at m/z 321 in its field desorption (FD) MS. The 13C NMR of 5 ( (Table 4 ) revealed the partial structure of -OCOCH(CH3)CH(OAc)-CH2OAc by proton decoupling experiments.
The molecular formula of 8, an alkaline hydrolysis product of 5, was established to be C11H24O3 from the results of the SIMS (M+, m/z 204) and 13C NMR ( Table 3 ). The structure of 8 (Scheme 1) was elucidated by proton decoupling experiments in the ' H NMR of 8-acetate(a) ( Table 4 ) and 8-acetate (3), which were epimers at H-38.
The molecular formula of 6, a mixture of stereoisomers at C-17 and C-30, was determined to be C34H66O17 (MW 746) from the SIMS (M=Na=H, m/a 770) and 13C NMR. Compound 6 gave 7 and 9, which was identified to be dimethyl malonate by the 'H NMR, IR and gas chromatography (GC) MS, on alkaline hydrolysis followed by methylation with diazomethane. The 13'C NMR of 7 showed a similar spectrum to that of 6 except the absence of two carbonyl carbons (6, 174.7 and 171.9). From these results the molecular formula of 7 was established to be C31H64O14 (MW 660). which was supported by the finding that the SIMS of 7-acetate showed an [M+H] ion peak at n7/z 1,249, indicating the incorporation of 14 acetyl groups. The 1H NMR of 7-acetate revealed the presence of the partial structures -CH(CH3)OAc and -CH(CH,)CH_OAc as the terminal moieties, but was still too complex for complete spectroscopic analysis. The whole structures of 6 and 7 were elucidated from the structures of 10 and 11, which were degradation products by NaIO, oxidation and NaBH, reduction of 6 and 7, and 12, 13, 14, 15 and 16, which were degradation products by NaIO4 oxidation and ozonolysis of guanidylfungin A, as discussed later.
The molecular formula of 10, C16H34O6, was established by its SIMS (M -,-H, m/z 323) and 13C NMR ( Table 5 ). The structure of 10-acetate (Scheme 1) was elucidated by proton decoupling experiments in Comparison of the 13C NMR spectra of 12, 13 and 14 with that of 10 (Table 5 ) revealed the overlapping of the carbon skeleton, C-5 to C-17, in these compounds, indicating that each of the carbon chains of 13 and 14 is longer than that of 10 or 12 by one carbon.
The structure of 12 ( Fig. 4) was deduced by comparison of the 13C NMR with that of 10 (Table 5) ,
and was confirmed by the 1H NMR and SIMS of 12', which was produced by trans-elimination dehydration at a,;3-position of the carbonyl group at C-17 in acetylation of 12.
The structure of 13 ( Fig. 4) was also deduced by comparison of the 13C NMR with that of 10 (Table   5 ), and was confirmed by the 1H NMR and SIMS (M + H, m/z 647) of 13-acetate. Compound 14 ( Fig.   4 ) was concluded to be an epimer of 13 at C-17 by comparison of the 13C NMR with that of 13 (Table 5) and from the result that 14-acetate showed the same [M +H] ion peak as 13-acetate in its SIMS.
The structures of 10, 12, 13 and 14 indicated that the hemiketal carbon should be located at C-17 in the molecule of guanidylfungin A. Comparison of the 1H and 13C NMR spectra of 15-acetate and 16' with those of 11-acetate (Table 6) revealed the overlapping of the carbon skeleton, C-19 to C-29, in these compounds.
Compound 15 was isolated as its acetates, 15-acetate(a) and 15-acetate(ai), which were epimers at C-30. The structure of 15-acetate was elucidated by proton decoupling experiments in the 1H NMR of 15-acetate(a) and by comparison of the spectral data with those of 11-acetate.
The 13C NMR of 16, a mixture of epimers at C-30, showed two carbonyl carbons at ac 174.8 and 172.0 assigned as a malonyl group. The structure of 16 ( Fig. 4) was elucidated from the spectroscopic data of its methylated and acetylated derivatives, 16'(a) and 16'(5), which were epimers at C-30. The structure of 16'(a) (Fig. 4) was elucidated from the 1H NMR, 13C NMR (Table 6 ) and EIMS (m/z 575, M+ CH(CH3)OAc), and by comparison of the spectral data with those of 11-acetate and 15-acetate.
The location of the malonyl monoester could not be determined by the spectral data of 16,16'(a) and 16'-(, ), but was deduced to be at C-23 or C-25 from the biosynthetic studies of guanidylfungin A as discussed later.
As described above, 7-acetate possessed the partial structures of -CH(CH3)CH2OAc and -CH(CH3)-OAc as terminal moieties, which were also present in 10 (12, 13, 14) and 15 (16), respectively. This suggested the connection of C-I8 and C-19 in 7-acetate and the structure of 7 was elucidated as shown acetyl groups. The structure of 18 was elucidated as shown in Fig. 5 from the structures of its degradation products, 10, 11 and 12, by Na1O, oxidation and NaBH4 reduction and was supported by the spectral data of 18'(a) and 18'(3). The structure of 17 was elucidated as shown in Fig. 5 from the 13C NMR and the structures of its degradation products, 10, 11, 12, 13 and 14, by NaIO4 oxidation and NaBH4 reduction. The 13C NMR spectrum of the labeled 3 ( Fig. 6 ) as well as that of the labelled 1 (data not shown)
Biosynthesis of Guanidylfungin
revealed that twelve units of [1-13C] acetate and nine of [1-13C] propionate were incorporated into the molecule of 1 as shown in Fig. 7. [1-13C ]Acetate was incorporated into eight carbons bearing hydroxyl groups and the carbons at C-17, C-31, C-39 and C-54, whereas [1-13C] propionate was incorporated into four carbons bearing hydroxyl or acyloxy groups and three methylene carbons as well as the carbons at C-1 and C-5 ( Fig. 6 and Fig. 7) . 
Skeletal Structures of Guanidyl fungins A and B
As described above, ozonolysis of guanidylfungin A (C58H103N3O18) followed by NaBH4 reduction gave a mixture of degradation products which were isolated as 4 (C8H16N3O), 5 (C16H30O6) and 6 (C34H66-O17). Similarly ozonolysis of 3 (C59H105N3O18) followed by NaBH4 reduction gave a mixture of degradation products, 4, 5 and 17 (C35H68O18). The sum of the carbon atom numbers found in those degradation products coincides with those of guanidylfungin A or 3. Since such ozonolysis products should, of course, be derived from the cleavage of three C=C double bonds present in guanidylfungin A or 3, the elucidation of the skeletal structures of guanidylfungin A and 3 should be possible by determining the mode of connection of those degradation fragments.
The partial structures A and E (Fig. 2) suggested that 5 and 6 should be connected directly through two C =C double bonds between C-4 and C-5, and C-31 and C-30 in guanidylfungin A, as well as between 5 and 17 in 3. Then the connection of 5 and 4 through a C=C double bond between C-38 and C-39 in guanidylfungin A and 3 was necessary, which was supported by the partial structure E. The hemiketal carbon at C-I7 was deduced to constitute a six membered ring by linking with C-21.
In the 13C NMR of 3 the carbon bearing the malonyl monoester was assigned to be the signal appeared at 5, 71.4 by a selective proton spin decoupling experiment in which the proton of H-C-0malonyl (o,, 5.25) was irradiated. The fact that the signal at 5. 71.4 was enriched by sodium [1-13C]acetate in the biosynthetic experiment of guanidylfungin A (Fig. 5 ) indicated the location of the malonyl monoester at C-23 or C-25.
In conclusion, the structures of guanidylfungin A (1) and methylguanidylfungin A (3) were elucidated as shown in Fig. 1. Guanidylfungin A (1) consists of a 36-membered macrocyclic lactone ring, an intramolecular hemiketal ring involving a keto group at C-17 and a hydroxyl group presumably at C-21, and a malonyl monoester at C-23 or C-25.
The structure of guanidylfungin B (2) was elucidated as shown in Fig. 1 from the results that the 13C NMR of 2 showed a very similar spectrum to that of 1 except for the absence of an N-methyl group at 5, 27.6 ( Table 1 ) and that the SIMS of 2 showed an [M-LH] ion peak at m/z 1,116 which is smaller by 14 mass units than that of 1.
The structures of the guanidylfungins closely resemble to those of azalomycins F3a, F4a and F5a4,7) copiamycin3), neocopiamycin A8), niphimycin5) and scopafungin9). These antibiotics all consist of a macrocyclic polyhydroxyl lactone ring with groups of malonyl monoester and intramolecular hemiketal, and a side chain with a mono-, di-, or tri-substituted guanidine as their terminal moiety.
Experimental

General
Melting points were measured using a Yazawa BY-1 and are uncorrected. UV spectra were measured on a Uvidec 610 spectrometer.
IR spectra were recorded with a Jasco A-102 spectrometer. EIMS and GCMS were carried out on a Hitachi RMU-6L, FDMS on a Jeol DX-300, and SIMS on a Alkaline Hydrolysis of 4 A solution of 4 (5 mg) in 1 N aq KOH (5 ml) was heated to reflux for 4 hours under gentle bublling of nitrogen gas, and evolved gas was passed through 1 N aq HCl. The aq HCI was evaporated off to give methylamine hydrochloride (1 mg), which was identified by comparison of the TLC and 1H NMR with those of a standard sample.
Alkaline Hydrolysis of 5 To a suspension of 5 (18 mg) in MeOH (2 ml), 2 N aq KOH (2 ml) was added and the solution was allowed to stand at room temp overnight, neutralized with dilute aq HCl, and concentrated to dryness under reduced pressure. The residue was extracted with MeOH and from the extract 8 (8 mg) was obtained by a preparative silica gel TLC with EtOAc. 8 (8 mg) was treated with Ac2O -pyridine and DMAP to give 8-acetate (10 mg).
8: SIMS m/z 204 (M+); 13C NMR see Table 3 . Periodate Oxidation of 6 and 7 A solution of 6 (84 mg) and NaIO, (240 mg) in H2O (10 ml) was stirred for 2 hours at room temp. Excess NalO4 was decomposed with ethylene glycol (0.1 ml), and to the solution NaBH4 (150 mg) in 0.1 N aq NaOH (1.5 ml) was added. The solution was stirred for an hour before neutralization with dilute aq HCI and concentrated to dryness under reduced pressure. The residue was extracted with McOH, and the extract was chromatographed on a silica gel column with CHCl3 -MeOH -H2O (65: 25: 4) to obtain 10 (24 mg) and 11 (20 mg). 10 (20 mg) and 11 (20 mg) were treated with Ac2O -pyridine and DMAP to give 10-acetate and 11acetate, which were purified by silica gel column chromatographies with benzene -acetone (9: 1) to obtain 24 mg and 26 mg, respectively. 10: SIMS m/z 323 (M+H), 345 (M+Na); 13C NMR see Table 5 . Table 6 .
Ozonolysis after Periodate Oxidation of Guanidylfungin A To a suspension of guanidylfungin A (0.5 g) in MeOH (40 ml) NaIO4 (0.6 g) in H,O (10 ml) was and the solution was allowed to stand for 20 -30 minutes at room temp and subjected to preparative liquid chromatography on PrepPak 500/C18 with MeOH -0.01 M aq NH4OAc (76: 24). The fractions containing 3 were collected, concentrated to dryness under reduced pressure and crystallized from hot aq acetone to obtain fine needles of 3 (0.3 g). 3 Table 2; 13C NMR see Table 1 .
Ozonolysis of Methylguanidylfungin A (3)
3 (1 g) in MeOH (100 ml) was ozonized at -78°C, and the resultant ozonide was decomposed by addition of NaBH4 (1 g) in MeOH (10 ml) at 0°C. The reaction by NaBH4 was stopped by neutralization with dilute aq HCI. The products by ozonolysis purified by a silica gel column chromatography with CHC1, -MeOH -H2O (65: 25: 4) and MeOH to obtain 4 (61 mg), 5 (87 mg), 17 (113 mg) and 18 (275 mg).
18 (61 mg) was treated with Ac,O -pyridine and DMAP to give 18' (53 mg), which was separated into 18'(a) (8 mg) and 18'(/3) (9 mg) by silica gel HPLC with benzene -acetone Periodate Oxidation of 17 and 18 A solution of 17 (95 mg) and NaIO4 in H2O (5.6 ml) was stirred at room temp for 3 hours. After excess NaIO4 was decomposed by addition of ethylene glycol (0.1 ml), NaBH4 (150 mg) in 0.1 N aq NaOH (1.5 ml) was added and the solution was stirred for 3 hours. The solution was chromatographed on a Diaion HP-20 column (200 ml) after neutralization with dilute aq HCl. The column was washed with H2O (400 ml) and eluted with MeOH (400 ml). The eluate was subjected to preparative TLC with CHCl3 -MeOH -H,O (65: 25:4) to obtain 10 (30 mg), 11 (6 mg), 12 (3 mg), 13 (5 mg) and 14 (3 mg).
18 was similarly treated with NaIO, and NaBH4 to obtain the degradation products of 10, 11 and 12 by preparative silica gel TLC.
Those degradation products were identified by silica gel TLC.
Alkaline Hydrolysis of Guanidylfungin A, 7, 16 and 17 To a suspension of guanidylfungin A (0.5 g) in MeOH (50 ml) 2 N aq KOH was added and the solution was allowed to stand at room temp overnight, neutralized with dilute aq HCl and concentrated to dryness under reduced pressure. The residue was extracted with ethyl ether, and the extract was methylated with diazomethane in ethyl ether. The reaction mixture was subjected to a silica gel column chromatography with CHCl3 -EtOAc (10: 1) to isolate 9 (23 mg).
7, 16 and 17 were similarly hydrolyzed with KOH and then methylated with diazomethane to obtain 9. 9: 1H NMR (100 MHz in CDCl3) 3.78 (6H, 2 x s, OCH3), 3.42 (2H, s, H-55); IR (neat) cm-1 1186 THE JOURNAL OF ANTIBIOTICS OCT. 1984 3700 ~ 3000, 2950, 2850, 1740, 1440, 1340, 1280, 1200, 1150, 1020. 9 was identified as dimethyl malonate by comparison with a standard sample on GC (ethylene glycol adipate 2 %, 2 m, 140°C, He).
Purification of 13C-Labeled 1 and Preparation of 13C-Labeled 3 The mycelial cake separated by centrifugation from the cultured broth (200 ml) was extracted with acetone -H2O (7: 3). The extract was concentrated to a brownish paste under reduced pressure. The paste was subjected to a preparative silica gel TLC with CHCl3 -MeOH -H2O (65: 25: 4). The fractions containing 1 were collected and eluted with MeOH. The eluate was concentrated to dryness under reduced pressure and the residue was dissolved in hot aq acetone. The solution was allowed to stand at room temp overnight to obtain a white powder of 13C-labeled 1 ([13C]acetate labeled 1: 40 mg, [13C]propionate labeled 1: 40 mg). The labeled 1 (40 mg) was treated with 0.5 N methanolic hydrochloride at room temp for 20 minutes, and the solution was chromatographed on reversed phase HPLC with MeOH -0.01 M aq NH4OAc (80: 20) to obtain the labeled 3 ([13C]acetate labeled 3: 20 mg, [13C]propionate labeled 3: 5 mg).
Addendum in Proof Scopafungin9) was found to be identical with niphimycin 11) and the structure of scopafungin was revised10).
